We demonstrate the utilization of band structure in varieties of topics in TE research, including the band convergence, the conductive network, dimensionality reduction by quantum effects, and high throughput material screening. Combining first-principles calculations and Boltzmann transport theory, a new strategy is introduced to design high-performance non-cubic thermoelectric (TE) materials through the utilization of a rational pseudocubic structure that results into cubic-like degenerate electronic bands. Based on the concept of conductive network, we propose the optimization scheme for both electrical and thermal transport properties in caged filled skutterudites and caged-free Cu-based diamond-like compounds. Through the high throughput screening method, several promising half-Heusler compositions with high power factors are proposed out of a large composition collection. At last, we enhance electrical transport by introducing a new spin-orbit splitting effect--the Rashba spin splitting effect. 
where ݉ ௗ * is the DOS effective mass, q the carrier charge, n the carrier concentration.
Based on equation (1) , high S need high DOS (or ݉ ௗ * ) at given Fermi level (carrier concentration). Since ݉ ௗ * = ܰ ௩ ଶ/ଷ ݉ * , where N v is the band degeneracy and ݉ * is the band effective mass. There are two methods to increase the ݉ ௗ * , including increasing the effective mass of the single pocket ݉ * or the band degeneracy [10, 11] . However, high ݉ * always leads to low carrier mobility due to their inversion relation. Band engineering, increasing the factor N v without changing much of ݉ * , can effectively solve the paradox between the DOS effective mass and carrier mobility, and has been treated as an efficient strategy to improve TE performance [8, 9, 11, 12] . Some excellent TE performance has been obtained by the band structure engineering. Through a distortion of the electronic DOS by doping Tl in PbTe, a doubling of zT in PbTe above 1.5 was obtained by Heremans et al. in 2008 [9] . By introducing multiple valley degeneracy, Pei et al. realized a high zT of 1.8 in doped
PbTe 1-x Se x [11] . By solid solutions, band convergence were realized in Mg 2 Si 0. 35 Sn 0. 65 , and a 65% improvement of power factor was obtained by W. Liu et al. [13] . G.J. Tan et al. investigated the transport properties of Mn doped SnTe, and the results showed a high thermoelectric figure of merit of 1.3 at 900 K by the band modification [14] . The band structure engineering mentioned above were caused by doping impurities in the framework.
Recently, by tuning the structural parameters, Zhang et al. demonstrated a new strategy to achieve large band degeneracy that can predict and design high-performance non-cubic diamond-like TE materials, and the method can be used in layered compounds, such as Zintl compounds [15, 16] . Besides that, the Rashba spin splitting effect that can lead to lower-dimensional DOS and increase the S has been reported, which offers a new direction for electrical transport optimization [17] [18] [19] . Some of the work along this direction will be reviewed later in this work.
Novel concept and mechanism are critical for the improvement of TE materials. Since the introduction of "Phonon glass-electron crystal" (PGEC) by Slack in 1995 [20] , many TE materials with complex structures have been discovered, such as clathrates [21] , skutterudites [22] [23] [24] , Zintl phases [25] , diamond-like compounds [15] , and liquid-like Cu 2 Se or similar compounds etc [26] . Due to the various types of chemical bonds in complex compounds, and M A N U S C R I P T
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modes in phonon spectra and reduce the κ L . Our recent work on skutterudites and diamond-like compounds show that the TE performance can be improved by utilizing the conductive network, and this concept can be extended to other complex compounds [23, [27] [28] [29] [30] .
The process of discovering new TE materials has been limited by the high cost and the time-consuming procedures of experiments. Recently, the computer-aided material design, especially the high throughput material screening, brings up a new avenue of material discovery. In TEs, these types of work usually focus on the electrical transport properties, and are accomplished by the combination of band structure calculations and the Boltzmann high-throughput computational screening in TE that can design new high-performance TE materials from a myriad of non-cubic compounds [16] . With the help of high throughput methods, the discovery of high performance TE materials research will be greatly speeded up.
In this paper, we will summarize the theoretical work in our research group, regarding the electronic band structures and their applications in understanding, optimization, and design of TE materials. Detailed topics have been mentioned above, which include band engineering, conductive network, and high throughput calculation. The conclusion and future remarks will be given in the end of this work.
II. Methods
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Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) for the exchange-correlation potential is used for most of the calculations [35] [36] [37] . The well-known shortcoming of DFT calculations is the underestimation of semiconductors' band gaps.
However, for most TE materials, the band shape plays a more important role in transport properties, and therefore localized density approximation (LDA) or GGA will be accurate enough when the temperature is below the onset of bipolar effects taking effects. The crystal structures of chalcopyrite semiconductors are relaxed using HSE06 functional [38] .
Band-structure and transport property calculations use PBE+U approach, and U = 4 eV was applied on Cu 3d states, Ag 4d states, Zn 3d states, and Cd 4d states [39] [40] [41] [42] [43] . Lattice constants are optimized by fitting the Birch-Murnaghan equation of state and ion positions are relaxed until the Hellmann-Feynman forces acting on each atom is less than 10 -2 eV/Å. The other computation details can be found elsewhere [15, 31] .
The Boltzmann transport theory can be used for studying electrical transport properties, including Seebeck coefficients, electrical conductivity, and power factors. Under the relaxation time approximation, the time-evolution of distribution function follows (
, where f 0 and f are the equilibrium and perturbed carrier distribution functions, respectively, and τ is the relaxation time [44] [45] . Based on this approximation, the electrical conductivity and Seebeck coefficient tensors of a material can be written as [46, 47] 0 ( , , ) 1 ( , ) ( ) respectively, and e is the electron charge. The essential part of σ and S is the transport distribution function (TD) tensor defined as
where k and i are the wave vector and band index, respectively, and N is the number of k points sampled. The group velocity can be derived directly from the band structure by
method based on the gradients of the band energy is not applicable to systems with large unit cells due to the band-crossing problems [47, 52] . Electrical transport properties of some materials reviewed in the paper [15, 30, 31] 
Structure Materials
Band degeneracy is one of widely used approaches of band engineering, which include the orbital degeneracy (band degeneracy at one extrema point) and valley degeneracy (separate pockets at the same or similar energy). A highly degenerated bands indicate enhancement of m * d through increasing N v , and therefore the Seebeck coefficient without significantly decreasing the electrical conductivity. In most of the work, however, the dopants or compositions favorable to large band degeneracies are found more or less by luck. So far, there is no systematic work that is able to provide criteria leading to the band convergence. In this subsection, we demonstrate the approach of rationally tuning crystal structures to design pseudocubic or cubic-like structural blocks in non-cubic diamond-like materials that can cause cubic-like degenerate valence band [15] . A simple unity-η rule was then proposed to design high PF and zT values for pseudocubic diamond-like compounds.
The diamond-like ternary and quaternary chalcopyrite compounds always have the distorted tetragonal structure. The cation sublattice can be tuned to show cubic or nearly cubic framework, while the anion sublattice shows a locally distorted non-cubic framework with two types of irregular tetrahedra in ternary chalcopyrites, leading to a periodic supercell with a cubic framework ( Fig. 1(a) ). They actually have a doubled unit cell in the z-direction.
In contrast to the zinc blende lattice, the triply degenerate valence band Γ 5v in tetragonal chalcopyrites will split into a non-degenerate band Γ 4v and a doubly degenerate band Γ 5v (as shown in Fig. 1(b) ), due to the crystal field effect [55, 56] . The energy difference between Γ 5v and Γ 4v is defined as the crystal field splitting energy ∆ CF = E(Γ 5v ) − E(Γ 4v ), which is positive M A N U S C R I P T
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when Γ 5v lies above Γ 4v and negative in the opposite case. By systematically studying the connection between transport properties and electronic structures, we found that TE performance is closely related to the band degeneracy. zT values [24, [57] [58] [59] [60] [61] [62] [63] [64] at 700 K in non-cubic tetragonal chalcopyrites with calculated ∆ CF values are shown in Fig 1(c) . High TE performance with the zT values much enhanced (see below for details) in noncubic tetragonal chalcopyrites [24, [57] [58] [59] [60] [61] [62] [63] [64] for ∆ CF =0. The absolute value of ∆ CF (|∆ CF |) could thus be considered as a parameter indicating the deviation from pseudocubic or cubic-like degenerate electronic bands of tetragonal chalcopyrite compounds. Our further study indicates that the ∆ CF has a strong dependence with the structural parameter η defined as η=c/2a, where a and c are lattice parameters ( Fig. 1(b) ). ∆ CF ≈0 corresponds to an ideal value of η≈1. The above results present a simple but insightful knowledge that TE transport properties should show the same trend as a function of η as they do as a function of ∆ CF . Hence, to be potentially good TE materials, chalcopyrites should have a tetragonal distortion parameter around unity--the unity-η rule.
The unity-η rule provides a strategy of guiding the evaluation and optimization for TE chalcopyrites. Since the parameter η can be easily obtained from lattice parameters a and c, the unity-η rule can be straightforwardly applied to the evaluation of TE performance of all tetragonal chalcopyrites. The unity-η rule can also be extended to the design of novel pseudocubic multinary high-performance TE chalcopyrites. Fig. 2(a) shows that the cubic-like cation framework can be maintained in solid solutions or mixed multinary chalcopyrites, although the simulation indicates that there are a variety of tetrahedra with arbitrary deformation and different anion displacements due to nearly random distribution of In this subsection, we demonstrate a new strategy to design high-performance non-cubic M A N U S C R I P T
TE materials through the utilization of a rational pseudocubic structure that results into cubic-like degenerate electronic bands. We identify a simple yet powerful selection rule based on maintaining the distortion parameter η near unity, and which is shown to be equivalent to minimizing the energy-splitting parameter ∆ CF . Using this approach, we predict a series of novel highly efficient chalcopyrite TE materials and, on a selected subset of them, we verify experimentally that they indeed possess significantly enhanced zT values. The approach can be further applied to other tetragonal semiconductors as well as other non-cubic materials in order to achieve cubic-like degenerate electronic bands. This work thus addresses the interest of researchers to broaden the scope of prospective TE materials especially among non-cubic semiconductors, such as Zintl phases.
Conductive Networks in TE Materials -Filled Skutterudites and Diamond-like
Cu 2 SnS(Se) 3 The paradigm of PGEC, introduced by G. A. Slack in the 1995 [20] and so on [1, 2, 9, 11] , in which all the components contribute to the electrical transport. In these novel complex TE compounds only part of the framework atoms is responsible for the electrical transport, i.e., the conductive network. This gives us a new approach for TE performance designing. Recent researches indicated that the PGEC concept can be realized in caged-free Cu-based diamond-like compounds because there was Cu-X (X=S, Se) bond network in these compounds [29, 30] . In this subsection, we present two kinds of special materials, caged skutterudites and the caged-free Cu 2 SnSe 3 diamond-like semiconductors. [65] [66] [67] [68] , alkaline earth (AE) [69] [70] [71] , rare earth (RE) [72] [73] [74] [75] , and their combination [76, 77] . The filler atoms form weak chemical bonding with the surrounding Sb atoms, and show little effect on the conduction band bottom and transport properties, except tuning the carrier concentrations. The origin comes from the weak interaction between fillers and Sb atoms due to the relatively large crystal voids. There thus exists a conductive transport network derived from Sb-Sb and Co-Sb covalent bonding in n-type CoSb 3 . This can be seen in Fig. 3 , the band structures of pure CoSb 3 and K filled CoSb 3 . This is the distinguishing feature for CoSb 3 to be likely "electron crystal" materials. (Fig. 4(a) ) follow the same trend predicted by the rigid band approximation (RBA) calculation based on unfilled Co 4 Sb 12 [78, 79] . In experiments, a very similar trend is observed for single-, double-, and even multiple-filled CoSb 3 [23] . These results verify the existence of conductive network in n-type filled CoSb 3 ; the difference among fillers in terms of electrical transport is only reflected by their different numbers of valence electrons. Interestingly, the power factor reaches the maximum when filling levels reach ~0.5 electrons in the unit of Co 4 Sb 12. The results agree well with many earlier reports and experimental measurements [23] . The filler atoms introduce the low frequency optic phonons and reduce lattice thermal conductivities. For different filler atoms, the frequencies are different and can be classified into three types, the low frequencies of RE atoms, the middle ones of AE atoms, and the high ones of AM [79] [80] [81] . Combinations of filler atoms with different vibration frequencies can scatter acoustic phonons in a broad frequency range, thus minimizing the lattice thermal conductivities. Combining the optimal rule for electrical transport properties, the independent controlling transport of electrons and phonons can be realized in n-type filled skutterudites.
Based on the mentioned theory, high performance materials can be predicted, such as dual-filled CoSb 3 , Ba-Ce, Ba-Yb, Sr-Yb, Na-Yb, and multiple-filled Na-Ba-Yb, Ba-La-Yb etc. Sn sites has little influence on the upper VB shape and only denotes holes. This is expected to be very important for the TE performance because it provides a site for alloying and doping, while maintaining reasonable mobility. The CBs are composed mainly of Sn s and Se p states.
The CB structure consisting of a single relatively light band is much less favorable for TE performance than the VB structure. system show similar results as Cu 2 SnSe 3 and can be seen elsewhere [30] . Furthermore, the closely packed Se framework (the distances between the nearest chalcogen atoms on the planes are only 3.9 Å for Se-Se) may also contributes to hole transport. This is consistent with a recent observation that a relatively rigid Se sublattice is considered to be responsible for hole transport in Cu 2-x Se with completely disordering Cu atoms [26] . We can see the overlap of the delocalized p states of Se in space (See Fig. 5(c) ) forms a delocalized Se-Se conductive path, and contribute to the channel for hole transport [30] . This is also beneficial for large DOS in the upper VB and consequently large Seebeck coefficients in these compounds. These conductive networks give the optimization approach in electronic transport properties [29, 30] . Experimentally, the 0.1 In substitution for Sn in Cu 2 SnSe 3 was carried out, and showed the optimized power factor and good TE performance, agreed well with the theoretical results [29, 30] . conductivity. These work have profoundly enhanced our understanding of the microscopic physical mechanism of transport, which is significant in novel TE materials designing.
High Throughput Material Screening -Thermoelectric Half-Heusler as an example
Band engineering and conductive network have been widely adopted to study electrical transport, and the challenge of the theoretical perspective is how to use these band structure engineering to predict and design high performance TE materials in a large scale.
High-throughput computational materials design is an emerging area in materials science, and have been used in energy conversion materials, such as lithium ion battery and TE materials [31] [32] [33] [34] 97] . By combining first principles and Boltzmann transport theory, we systematically investigate the electronic structures and TE performance for over 30 HH compositions, and some promising compounds are predicted and several of them are confirmed recently.
Half-Heusler compounds have the general formula ABX, where A, X form simple rock salt structure with B filled with one of the two body diagonal positions [31] . Ternary HH compounds of the MgAgAs structure type exhibit a wide variety of interesting physical properties. When the total valence electron counts (VEC) in a primitive HH unit cell is 18, all the constituent atoms complete their electronic shells, and the HH becomes a semiconductor. This is only a very small fraction of compounds that crystallize in HH structure. In fact there are more than 100 HHs that could be found in the Inorganic Crystal Structure Database (ICSD) Besides, unfilled f electrons usually need to be treated by ab initio method with strong-correlation effects included.
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Applying these two rules leads to those HH compounds listed in Table 1 . All the HHs in Table 1 is a reasonably good approximation if the doping level is not very high, and has been widely used for theoretical study of TE materials [31] . The optimal doping level is defined as the integral of DOS from band edge to the energy level position corresponding to the maximum or the peak of power factor (Fig. 8) . For example, the optimal n-type doping level for ZrNiSn is estimated to be +0.009 e/u.c. This suggests that ZrNiSn reaches its maximum n-type power M A N U S C R I P T
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factor after 0.009 electrons are added per unit cell, which could be achieved by substituting 0.9% Sb for Sn. In Table 1 , optimal doping levels and related power factors for every HH are listed. But before further analysis, we have to check the agreements between our calculated data and existing experimental ones, and the results are listed in Table 2 . We give the dopants and the corresponding doping levels for HHs, and for comparison, the optimal doping levels and the corresponding Seebeck coefficients are calculated. Given the above approximations used, and the uncertainties in experiment data, the agreement is reasonably satisfactory and acceptable. Fig.8 . Procedure of evaluating p-or n-type optimal doping levels. IIIB-(Ni, Pd) HHs are expected to have better performance than the IVB-Ni-containing ones (e.g. ZrNiSn) which have been extensively studied in recent years. LaPdBi has the highest n-type power factor. Furthermore, some Co-containing HHs also show reasonable n-type performance. Fig.9 plots the relationship between the maximum power factor and the corresponding carrier concentration for both p-and n-type HHs. Notice that the best n-type
HHs fall in the range of 10 20 -10 21 cm -3 and the best p-type over 10 21 cm -3 , both correspond to heavily doped semiconductors. These results calculated from realistic and complicated band structures are interestingly in reasonable agreement with the optimal carrier concentration estimated based on a simple two-band semiconductor model proposed by Ioffe [108] . Fig. 9 also gives the information that in p-type, high power factors require high carrier concentrations. But some IIIB-(Ni, Pd) compounds stand out for their n-type power factors, with relatively low carrier concentrations required. Band character analysis shows that p states from X-site elements are unneglectable at the CBM of these compounds, which enhances the group velocities of carriers. These contribute to high TDs and good power factors. A systematical investigation of the electronic structures and electrical transport properties for over 30 well selected HHs is quite interesting. Our work provides an overall picture of the electrical performance of the series compounds [31] . Theoretically, there are still many issues to be solved in predicting the exact values of electrical transport quantities.
However, for the compounds with similar structures, the calculated results are expected to be HH experimentally, and they optimized the band effective mass and mobility via a band engineering approach through changing the content of Nb [109, 110] . As a result, the highest zT values can reach 1.5 when fully optimized, higher than the values of ZrNiSn-and TiCoSb-based HHs, and revoke the research interest on this type of materials. These results verify the theoretical methods shown in the study, which can be easily adopted to large scale high throughput material screening on electrical transport properties with the help of crystal database.
Novel thermoelectric transport from spin-orbit-coupling and Rashba effect
As mentioned above, it is very beneficial for materials with high band degeneracies because it will give enhanced Seebeck coefficient. In this subsection, we demonstrate a new spin effect that can lead to the alteration of the electronic structures-the Rashba spin splitting. The Rashba effect exists in materials with strong spin-orbit coupling and inversion asymmetry [17] [18] [19] . The degeneracy of spin-up and spin-down bands is lifted and the band extrema are shifted aside from the high-symmetric axis, as shown in Fig. 10 . Due to the structural inversion asymmetry in low-dimensional systems, the nontrivial spin-split phenomena have been investigated in Bi/Ag surface alloy [111] , Bi monolayer/quantum film [112, 113] , and Pt/Si nanowire [114] . More recently, bulk systems with strong Rashba effect start to be discovered, including BiTeX (X=I, Br, Cl) [115] [116] [117] , α-GeTe [118] , α-SnTe [119] , LaOBiS 2 [119, 120] , and AMX 3 (A=CH 3 NH 3 , M=Pb, Sn, X=I, Br) [121] . The influence of Rashba effect on the transport properties is fundamentally significant for both spintronics and thermoelectrics.
Dimensionality reduction in DOS has been found in the Rashba systems, originating from the topological change of Fermi surface in low charge density regime [122] . As shown in Fig. 10 should be better than the bulk materials, because of the unique DOS [123] [124] [125] . We would speculate that the Rashba spin-split systems might have high TE performance than the usual spin-degenerate systems. 
For bulk Rashba materials, because of the constant DOS, the S and carrier concentration can be expressed as [128] 3 1 
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BiTeI is a bulk material with a giant Rashba effect, which has a Rashba energy E 0 = 0.11 eV, momentum shift k 0 = 0.05 Å -1 , and Rashba parameter α R = 4.3 eV Å [128, 129] . The in-plane and total effective mass is 0.09 and 0.19 m e , where m e is the free electron mass [129] . Using a constant relaxation time (r = 0), we can numerically calculate the TE properties in Rashba 2D quantum wells and 3D bulk materials through Eq. (5, 6) and (7, 8) , respectively. Fig. 11 shows the carrier concentration dependent S and electrical term S 2 n at 300 K, where results for Rashba spin-split band (RSB) and spin-degenerate SPB are both given. For the 2D quantum wells, we take BiTeI (in ab-plane) as the well material and assume the thickness of 2 nm in both RSB and SPB models. As the Fermi energy is shifted from the band bottom up to the Dirac point, it turns out that 2D and 3D systems with RSB have higher S in the low energy region. The maximum electrical term S 2 n can be twice larger than that with SPB, which is a significant enhancement of TE performance. Comparing 2D and 3D systems with the same kind of band model, 2D systems tend to have better S and electrical term in lower carrier concentrations. We also find that a 2.67 nm thick 2D quantum well with SPB and 0.19 m e effective mass has the same S versus n curve of 3D bulk BiTeI [127] . This is due to the 2D-like constant DOS in bulk Rashba systems. Numerically calculated results for 3D RSB are consistent with experimental data of bulk BiTeI [128] . Meanwhile, the S of 2D Rashba quantum wells is similar with that in quantum wires [127] . In this subsection, general models of TE calculation have been introduced for Rashba spin-split quantum wells and bulk materials. Substantial enhancement of S and electrical term has been found in the 2D and 3D Rashba systems. Due to the unique low-dimensional DOS, the Fermi energy can be lowered in these systems for given carrier concentrations. Thus, the asymmetry of differential electrical conductivity can be strengthened, leading to higher S. Our work may stimulate more efforts on exploring TE properties in Rashba spin-split systems.
IV. Conclusions and outlook
This paper presents several methods for TE performance optimization and designing in some materials from band engineering. For non-cubic compounds, we introduce a unity-η rule to select high-performance non-cubic TE materials. This strategy can make cubic-like degenerate electronic bands through the utilization of a rational pseudocubic structure and broaden the scope of prospective TE materials. By individually controlled transport properties of electrons and phonons, filled skutterudites present features of PGEC and show good TE performance. For Cu-based diamond-like compounds, we propose the 3D bond network to stabilize the framework, and one more selective sites, Sn sites, which donate electrons to complete the electron shells, reside in the framework formed by Cu-Se bond in Cu 2 SnSe 3 .
This work makes an extension to the PGEC family and pave the way for the further study of these diamond-like compounds with different bond network. In high throughput calculations, we apply 18 VEC rule to filter good candidates from a large database HH compounds, using the combination of electronic structures and Boltzmann transport theory. Some of the top-ranked candidates are confirmed by recent experiments. At last, we enhance electrical transport by a new effect----the Rashba spin splitting effect. For materials with Rashba effect, which requires strong spin-orbit coupling and inversion asymmetry, the degeneracy of spin-up and spin-down bands is split and the band extreme are shifted aside from the high-symmetric axis.
Focusing on the above mentioned TE materials, including HH, caged skutterudite CoSb 3 , and diamond-like semiconductors, we have developed several rules for structure modification and performance optimization. Based on that, we have a deeper understanding of the mechanism of the collective electrical and thermal transport, identify the scientific fundamentals of the PGEC concept, and provide guidance for TE performance optimization as well as novel TE materials designing. These are the important parts of TE materials and physics, the TE performance is closely related to not only electrical but thermal transport
properties. There are still many problems in completely controlling the electrical and thermal transport mechanisms, which need further study.
For electrical transport, by studying the electronic structures and transport properties, we have the basic understanding on the relationship between macro structure symmetry and microscope band degeneracy. The simple rule applies to the pseudocubic structure compounds, and give the direction to search for high performance TE materials. For compounds with other structure, such as layered structures, this simple rule is inappropriate and a more universal parameter is needed to modify the electronic structures and then the transport properties. Recently, a simple yet successful strategy has been adopted to discover and design high-performance layered TE materials through minimizing the crystal field M A N U S C R I P T
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splitting energy of orbitals to realize high orbital degeneracy, and the approach can be extended to several other non-cubic materials [16] . Besides the band degeneracy, the spin split in electronic structures also have effect on the transport properties, such as the Rashba effect as mentioned above [127, 128] . The Rashba effect will lead to the dimensionality reduction, which enhances the DOSs and S in the 2D and 3D Rashba systems. The other spin-entropy enhancement may be widespread in the transition-metal oxides [130, 131] , such as NaCoO 2 , the spin state of Co can be changed as the content of oxygen. Even the controlling mechanism is not clear, the S is likely to be dominated by spin entropy terms, suggesting that this may be a promising class of materials to search for improved TE materials.
Development of new mechanism for band engineering is urgent for optimizing and designing novel high performance TE materials. The concept of conductive network provides a new approach for the TE performance enhancement. We have used this concept to optimize TE performance in filled skutterudites and Cu-based diamond-like compounds as shown.
Several qualitative descriptions have already been provided in 'conductive network' [8, 29, 30] .
Currently, we examine and identify the conductive network mainly based on the density of states or charge density at the energy window responsible for the electrical transport. These may not be sufficient to quantify the contributions to the electrical transport. A more accurate and definitive of the contribution to electrical transport properties is needed. The type of work is interesting but challenging, and will be investigated in the future work.
High-throughput computational screening of TE materials will accelerate the screening and designing of new high-performance TE materials. So far, most high throughput work focus on simple structure compounds, such as HHs, by using Boltzmann transport theory for electrical transport or anharmonic interatomic force constant for thermal transport. For more complex TE materials, in additional to the direct transport calculations, the implementations of simple yet powerful selection rule, e.g., the unity η rule, are crucial. Generally speaking, using the advanced selection rule relating to the properties is more efficient, and can even speed up the high-throughput screening for functional materials. This can be reflected by the work of Zhang et al [15, 16] . The other direction for the improvement of high-throughput work can be the implementation of the scattering term in the algorithm. Current high-throughput work usually neglects the influence from the carrier or phonon scattering on the transport properties for the simplicity reason. In fact, the relaxation times for both carriers and phonons are able to calculate explicitly. In order to improve the accuracy of high-throughput work, the development of simplified algorithm regarding the scattering terms is necessary. 
